Intradermal, as opposed to subcutaneous, cell transplantation was previously shown to be advantageous for tumor cell growth, but this site has not been used for transplantation of normal nonneoplastic cells. In preliminary experiments we found that it was difficult to control the size and shape of transplants when we injected dissociated cells intradermally. This problem was solved by placing cells in nongelled, pepsinsolubilized collagen prior to injection. This technique permitted the successful transplantation of normal bovine adrenocortical cells and of neoplastic cells (3T3 cells secreting FGF) in scid mice. Primary bovine adrenocortical cells formed functional vascularized tissue and the transplants rescued the animals from the lethal effects of adrenalectomy. The histological structure of transplant tissues resembled that previously observed when cells were transplanted in the subrenal capsule space. We also used a line of 3T3 cells that has been genetically modified to secrete a form of acidic FGF. When transplanted intradermally in collagen, they formed rapidly enlarging masses of cells that could easily be palpated beneath the skin of the animal. Intradermal injection of cells in pepsin-solubilized collagen is a simple and reliable technique for transplanting normal primary cells and preneoplastic cells. The ability to grow both types of cells in an easily accessible site allows less invasive monitoring of growth, angiogenesis, and other features of the transplant.
INTRODUCTION
anatomy of the skin and underlying body wall does not permit cells to be readily confined to one site. For example, in this laboratory, primary bovine adrenocortical Successful transplantation of dissociated cell suspensions is made difficult by limitations on the sites in the cells died when inserted in the subcutaneous site, except when they were embedded in collagen gel (7, 9) . The body that can be used for transplantation, by lack of control of precise placement of the cells, and by prob-latter method is technically difficult because the gels are delicate and easily disrupted during insertion in the lems caused by leakage of cells from the transplantation site. One solution that we have used is to insert cells body, and the site of formation of tissue from the cells is not under precise experimental control. into a small polycarbonate cylinder beneath the capsule of the kidney, a method that we have used for successful However, it has been shown that intradermal, as opposed to subcutaneous, cell transplantation is advanta-transplantation of human and bovine adrenocortical cells in the scid mouse (11, 12) . However, the subrenal cap-geous for tumor cell growth in the mouse (2,4,10). The success rate was higher and the number of cells required sule site is not conveniently accessible for repeated interventions or observations, and there is a limitation on was reduced (2,4,10). To our knowledge, the intradermal site has not been used for transplantation of normal non-the number of cells that can be introduced without risking damage to the kidney or leakage of the cell sus-neoplastic cells. In preliminary experiments we found that it was difficult to control the size and shape of trans-pension. Cell transplantation beneath the skin has the advantages of ready accessibility and no limitation on plants when we injected dissociated cells intradermally. We report here that this problem can be solved by plac-the number of cells that can be implanted in one place. However, in the mouse, which is commonly the host for ing cells in nongelled, pepsin-solubilized collagen prior to injection. This technique permits the successful trans-cell transplantation experiments because of the availability of immunodeficient models, the subcutaneous site is plantation of normal bovine adrenocortical cells and preneoplastic cells (3T3 cells secreting FGF). not hospitable for cell transplantation. Moreover, the
MATERIALS AND METHODS
bovine serum, 10% heat-inactivated horse serum, and 0.1 ng/ml recombinant basic FGF. This was supple-Growth of Bovine Adrenocortical Cells in Culture mented with 1% v/v UltroSer G (Biosepra, Villeneuve-Bovine adrenocortical cells were derived by enzyla-Garenne, France), a mixture of growth factors, as prematic and mechanical dispersion from the adrenal cortex viously described. The gas phase used was 90% N 2 , 5% of 2-year-old steers, as previously described (6). Tissue O 2 , and 5% CO 2 . fragments were dissociated to cell suspensions using enzymatic and mechanical dispersal (3-h incubation with FGF-Transfected 3T3 Cells 1 mg/ml type I-A collagenase and 0.1 mg/ml DNAse, both from Sigma Chemical Co., St. Louis, MO). Pri-A line of 3T3 cells stably expressing FGF-1 fused in frame with a signal peptide from hst/KS3, yielding a mary cell suspensions were stored frozen in liquid nitrogen. Frozen cells were thawed and replated in Dulbec-highly angiogenic secreted product (5), was generously supplied by T. Maciag. 3T3 cells were grown under the co's Eagle's medium/Ham's F-12 (1:1) with 10% fetal Figure 1 . Experimental design and summary of outcomes. Intradermal transplantation was used with two cell types: primary bovine adrenocortical cells and FGF-secreting 3T3 cells. The top two protocols show that during surgery mice were adrenalectomized (Adx.) and received transplants of 4 × 10 6 primary bovine adrenocortical cells (a.c.) together with 8 × 10 5 irradiated FGFsecreting 3T3 cells. Cells were transplanted in pepsin-solubilized collagen or in culture medium only. The protocols show that animals received steroid replacement therapy over the first 7 days following cell transplantation. Following the cessation of steroid replacement, blood was sampled at weekly intervals, to enable measurements of circulating cortisol and corticosterone. At 35 days animals were sacrificed for evaluation of the histology of the transplants. In the third protocol, FGF-secreting 3T3 cells were transplanted without prior irradiation and allowed to grow into an intradermal nodule. The major findings for each protocol are summarized. . Radioimmunoassays were 3T3 cells were cotransplanted with bovine adrenocortical cells they were first made incapable of further divi-performed directly on plasma samples from animals with transplanted cells using the following kits. Cortisol: sion by irradiation (11) . Cells were pelleted and exposed to 60 Gy radiation from a 137 Cs source (Gammacell 1000
Corti-cote (ICN Pharmaceuticals); the manufacturer reports that this antibody has a cross-reaction of 1.2% with model C, AECL Industrial, Kanaka, Ontario). In some experiments they were transplanted without adrenocorti-corticosterone. Corticosterone: ImmuChem double antibody kit (ICN). This antibody has a reported cross-reac-cal cells, and in this case they were not pretreated by irradiation.
tion of 0.05% with cortisol.
Transplantation of Cells in scid Mice
Histology and Immunohistochemistry ICR scid mice originally purchased from Taconic
The fixation, paraffin embedding, and histological (Germantown, NY) were maintained in an animal barexamination of tissue formed from transplanted cells rier facility as a breeding colony. Animals (both males were carried out using standard techniques. and females) at an age greater than 6 weeks (ϳ25 g body weight) were used in these experiments. Proce-RESULTS dures were approved by the institutional animal care Intradermal Transplantation of Primary Bovine committee and were carried out in accordance with the Adrenocortical Cells NIH Guide for the Care and Use of Laboratory Animals.
In these experiments we tested a new method of cell Under tribromoethanol anesthesia, mice were adrenalectransplantation: intradermal cell transplantation in peptomized and were transplanted with adrenocortical cells sin-solubilized collagen. We used two cell types: a priin a single procedure. Adrenalectomy was performed as mary differentiated cell type (bovine adrenocortical previously described (11) . A 2-cm midline dorsal skin cells) and a preneoplastic cell line, FGF-secreting 3T3 incision was made, allowing access to the retroperitocells. Primary bovine adrenocortical cells provide a useneal space for adrenalectomy. ful model cell type to test new transplantation methods, Intradermal injection of adrenal cells was done imbecause we have previously reported that they can be mediately following adrenalectomy. For intradermal transplantation of 3T3 cells alone, a similar skin incision was made but animals were not adrenalectomized. A second skin incision was made at 90°to the first, creating a triangular skin flap (10). The inner surface of the skin flap was viewed under a dissecting microscope. A site next to larger blood vessels was chosen for intradermal injection.
The cells to be transplanted were pelleted by centrifugation. Either a mixture of 4 × 10 6 primary bovine adrenocortical cells together with 8 × 10 5 irradiated 3T3-FGF cells was used, or 4 × 10 6 nonirradiated 3T3-FGF cells were transplanted. The pellet was resuspended in 50 µl soluble collagen (0.2% pepsin-solubilized type I collagen, pH 7.4; Cellagen, ICN Pharmaceuticals, Costa Mesa, CA). The mixture of cells and collagen was kept on ice until use. The cell suspension was then placed in a 29-gauge 1-ml disposable insulin injection syringe (Becton-Dickinson, Franklin Lakes, NJ). Under the microscope, the cell suspension was injected intradermally. To minimize leakage from the injection site, the needle Postoperative care for the animals was as previously Figure 1 . Corticosterone and cortisol levels were measured in described (11, 12) . In most experiments animals were plasma by radioimmunoassays. The data are shown as aversacrificed at 21-35 days after cell transplantation. ages and standard deviations. Data for control mice (presurgery, day 0) were previously reported (12) . Note that biosyn-Radioimmunoassays thesis of endogenous steroids is suppressed for 7 days following For assessment of circulating adrenal steroid levels, surgery because of the administration of synthetic replacement steroids during this period (11, 12) . tail blood samples were taken 15 min after the injection successfully transplanted in scid mice (11) . When these dorsal skin in the mouse has a high density of blood vessels, making it suitable for intradermal transplanta-cells are transplanted beneath the capsule of the kidney they form functional vascularized tissue. These trans-tion (1,8) .
The cells were allowed to develop into tissue over 35 plants can rescue the animals from the lethal effects of adrenalectomy, by secreting adequate amounts of adre-days before the animals were sacrificed. This time was chosen because previous studies of cell transplantation nocortical steroids (11) . We therefore used this cell type to investigate the feasibility of intradermal transplanta-in the subrenal capsule site showed that this is amply sufficient for establishment of functional vascularized tion of normal differentiated cells. On the other hand, FGF-secreting 3T3 cells are a preneoplastic cell type tissue (11) . At the site of transplantation a globular vascularized mass of tissue was observed (Fig. 2a) . The his-that can grow as tumors in suitable host animals (5). We used this cell type in two ways: in irradiated form it was tological features of the transplants are shown in Figure  2b -f. The histological structure of the transplant tissue cotransplanted with primary bovine adrenocortical cells, because we have shown that the mixture of adrenocorti-resembled that previously observed when cells are transplanted in the subrenal capsule space (11) . To check that cal cells with 3T3-FGF cells at a 5:1 ratio produces functional tissue more rapidly than adrenocortical cells the size of the transplant visible in hematoxylin and eosin-stained sections was accurate, other methods were transplanted alone (11) ; in nonirradiated form it was transplanted intradermally to determine the usefulness of used to assess the boundary of the bovine adrenocortical tissue within the mouse skin. These methods, which this method for tumorigenicity testing. The overall scheme of the experiments and a summary of the results have been previously described, distinguish bovine adrenocortical cells from mouse cells. They include in situ are shown in Figure 1 .
We found that primary bovine adrenocortical cells hybridization with a probe for a gene specifically expressed in adrenocortical cells, steroid 17α-hydroxylase transplanted intradermally with irradiated 3T3-FGF cells in soluble collagen reproducibly formed vascularized (3); in situ hybridization with a probe against a repetitive sequences specific for bovine cells, bovine satellite I (9); functional tissues, which allow survival of adrenalectomized animals. Cells were transplanted in the dorsal and examination of cells with a fluorescent DNA-binding dye, 4′,6-diamidino-2-phenyl indole (DAPI), which skin. The site for intradermal injection was chosen to be close to visible large blood vessels. As previously noted can be used to distinguish bovine and mouse nuclei (11) . These techniques confirmed that the visible transplants in studies of intradermal tumor cell growth, the anterior comprised primarily bovine cells, together with mouse we did not do a time course study of histology, but we note that the results are broadly similar to cell transplan-endothelial cells and some connective tissue containing mouse cells. tation in the subrenal capsule space, with regard to the time course of stabilization of plasma cortisol levels. The function of the transplants was documented by the fact that there was uniform survival of adrenalecto-Subrenal capsule cell transplantation was analyzed with respect to the time course of tissue formation (13). We mized mice bearing transplants and by the replacement of the mouse glucocorticoid, corticosterone, by the bo-expect, therefore, that tissue formation proceeds in the intradermal site as it does beneath the kidney capsule. vine glucocorticoid, cortisol, in the plasma (Fig. 3) . Mice synthesize corticosterone as their principal glucocorticoid FGF-secreting 3T3 cells were also used to show that preneoplastic cells grow reproducibly following intra-whereas bovine cells synthesize mostly cortisol (11) . dermal transplantation. This indicates the advantage of this transplantation technique for tumorigenicity studies.
Intradermal Transplantation of FGF-Secreting
In summary, intradermal injection of cells in pepsin-sol-3T3 Cells ubilized collagen is a simple and reliable technique for When we transplanted FGF-secreting 3T3 cells intratransplanting normal primary cells and preneoplastic cells. dermally in pepsin-solubilized collagen, they readily formed rapidly enlarging masses of cells. The masses
